Abstract As the older adult segment of the population increases, Alzheimer's disease (AD) has emerged as a significant public health epidemic. Over the past 3 decades, advances in the understanding of the biology of AD have led to a somewhat unified hypothesis of disease pathogenesis that emphasizes the precipitating role of beta amyloid protein.
Introduction
Alzheimer's disease (AD) has emerged as one of the most devastating international public health epidemics. As the older adult segment of our population continues to grow disproportionately and as the biomedical sciences are producing more and more effective ways of prolonging life, diseases that occur primarily in late life, such as AD, represent a significant societal burden. There are currently no effective disease-modifying treatments or preventative strategies. Over the past decade, however, major technological advancesfrom refined animal models, novel molecular approaches, in vivo biological marker development, and more granular behavioral characterization of the disease-have resulted in a somewhat unified model of disease pathogenesis that holds promise for development of intervention strategies. This model was codified by Jack and colleagues in 2010 [1•] and revised in 2013 [2•] . The model emphasizes the precipitating role of beta amyloid protein, which theoretically triggers a cascade of biological events, resulting in accumulation of tau protein and associated neurodegeneration and cognitive changes. In the revised version of the model [2•], individual differences in comorbidities, premorbid cognitive abilities, or hypothetically protective genetic profiles are considered important confounds that help explain variability in symptomatological onset rather than playing primary roles in disease pathogenesis.
A major recent advance is that theoretical pathogenic models, such as those proposed by Jack and colleagues, can be tested operationally in humans via the direct or indirect measurement of the putative biological markers. For example, amyloid can now be measured in vivo via positron emission tomography (PET) ligand studies and cerebrospinal fluid (CSF) assays; tau can be measured in the cerebrospinal fluid (CSF) and its supposed neurodegenerative effects can be appreciated with glucose metabolic PET and measurement of regional brain atrophy with magnetic resonance imaging (MRI); and the clinical manifestation of the disease can be measured with refined neuropsychological and behavioral instruments. Indeed, the operational definitions of these pathogenic events have been translated directly into recently proposed and implemented research diagnostic criteria for AD and its antecedent conditions. Preclinical AD is defined as evidence of an AD biomarker, such beta amyloid or hyperphosphorylated tau protein, in the absence of clinical symptomatology [3] . Mild cognitive impairment due to AD is defined as evidence of cognitive impairment in the absence of functional decline and supported by presence of AD-related biomarkers [4] . Frank AD has maintained its historical definition that includes evidence of cognitive or behavioral impairment in at least 2 domains that interferes with functional abilities [5] . The diagnosis of probable AD can be supported by evidence of AD pathophysiology via the assessment of the biomarkers noted above [6] . These diagnostic criteria have been embraced by the scientific community and are already informing major intervention efforts, such as the recentlyfunded "A4 trial [7] ," which is a secondary prevention trial that will enroll individuals meeting criteria for Preclinical AD by virtue of having evidence of amyloid pathology without symptoms of cognitive impairment.
Despite the advances in the codification of the hypothesized pathogenic events that lead to AD-associated dementia, several equivocal observations from the extant literature suggest that the translation of this model into diagnostic criteria is perhaps premature, incomplete, and requires further study. For example, about 30 % of older adults have evidence of significant amyloid pathology but do not have significant cognitive impairment suggestive of dementia [8] [9] [10] [11] . Conversely, it is interesting to note that in a recently completed unsuccessful phase 3 trial of bapineuzumab, an anti-amyloid immunotherapy agent, in AD, over 35 % of non APOE-ε4 carriers meeting inclusion criteria for the study (ie, clinical diagnosis of mild-to-moderate AD) did not have evidence of significant amyloid pathology at study entrance [12] . Positive amyloid biomarker evidence for amyloid is weakly -at best -correlated with meaningful clinical outcomes [8, [13] [14] [15] [16] [17] [18] . It is also well-established that taurelated neurodegenerative changes are non-specific and frequently occur prior to amyloid deposition and in individuals who do not have AD [19, 20] ; this observation has been incorporated into Jack and colleagues' revised pathogenic model [2•] but questions the precipitating role of beta amyloid. Whether or how beta amyloid accumulation promotes additional tau deposition is unknown and there is some compelling evidence that elevation in the Aβ peptide and tau hyperphosphorylation may be linked "epiphenomenologically" through their shared association with an upstream driver [21] . Although it is established that biomarker evidence of AD pathology is associated with increased risk for developing future dementia, at this time we are unable to determine what the risk of the development of dementia is within a specific period for an individual person given a specific biomarker profile. Thus, the so-called "Amyloid Hypothesis" is far from fully elucidated.
From a public health perspective, it could be argued that AD should be defined phenotypically or syndromically with greater emphasis on refining characterization of the behavioral attributes that cause the tremendous amount of individual, familial, and societal burden associated with disease. It is likely that even in the earliest stages, more sensitive and specific neuropsychological classifiers, or endophenotypes, can be developed to reliably characterize individuals with and without the disease, particularly as molecular (eg, [22] and neuropsychological (eg, [23] ) profiles that distinguish aging from dementia with great anatomical specificity continue to be understood. There is obvious danger, which can manifest in several ways, in embracing fully a singular hypothesized pathogenic model without a healthy amount of scientific skepticism. For example, at the extreme, if the identified biological markers, such as fibrillar forms of beta amyloid, are in fact not causative but rather pathologic biproducts, removal of beta amyloid may have no effect on symptoms or disease course. Indeed, anti-amyloid therapies to date have been ineffective or harmful [24] among individuals with mild-to-moderate stage AD. On the other hand, viable treatments may not be pursued if other pathologic factors that predict cognitive outcomes in AD are not considered or if we assume that all relevant treatment targets have been identified. Full adoption of the current pathogenic model leads to a "diagnostic prophecy" in which the etiology of the syndrome is defined by a proposed hypothetical set of factors, as opposed to the alternative scenario in which known or undiscovered etiologic factors are incorporated into a more comprehensive disease conceptualization that accounts for the symptoms that comprise the clinical syndrome. We have already seen this potential problem in the new diagnostic criteria for AD, which states that the "diagnosis of probable AD dementia should not be applied when there is evidence of…substantial concomitant cerebrovascular disease," ( [6] quotation from p. 265) despite the well-established fact that vascular disease is specifically increased in AD and substantially related to its clinical syndrome [25] . Thus, in the attempt to fully understand the causative factors involved with AD, their mediators and moderators, and subsequent identification of treatment or preventative targets, a clear phenotypic or syndromic definition of the disease should be implemented with emphasis on discovery of the factors that lead to the manifestation of that syndrome (Fig. 1 ). There may also be benefit in greater consideration of individual and group differences not only in clinical symptoms but also in their putative biology. For example, a consistent clinical syndrome may be the result of different combinations of various pathologies across individuals and/or pathologic features that contribute to a clinical syndrome may vary systematically across age, socioeconomic, or other demographic groups.
From its earliest description [24] , AD has been characterized as a mixed pathology disease comprising amyloid plaques and neurofibrillary tangles, without well-established causal relationships between the two. With this historical backdrop in mind, we have embraced the idea that additional pathologies may be relevant for risk and/or clinical expression of the disease. Indeed, accumulating evidence from multiple sources indicates that factors associated with poor cognitive aging, in the absence of frank dementia, may play a primary role in the pathogenesis and progression of AD. The epidemiologic literature suggests that potentially modifiable vascular risk factors, such as hypertension, diabetes, insulin resistance, obesity/overweight, and hyperlipidemia, are at the top of this list [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Although epidemiologic studies that associate risk factor data to clinical outcomes provide important information, they speak little to the proximal brain factors that are more directly involved with pathogenesis. We have turned to neuroimaging to better understand those factors.
White Matter Hyperintensities
Over the past few decades, there has been a dramatic increase of neuroimaging research applied to questions about cognitive aging and dementia. These efforts have been bolstered not only by improvements in instrumentation that allow for direct study of morphologic and functional properties of the aging brain in vivo, but also by more sophisticated pre-and postprocessing analytic streams and application of modern statistical approaches. Structural magnetic resonance imaging (MRI) in particular can be useful for the assessment of macrostructure (eg, volumetry, cortical thickness, frank pathology) and microstructure (eg, fiber tract integrity or subtle abnormalities to pathology that affects myelin). Though much work has highlighted the importance of gross structural or volumetric loss for cognitive aging and dementia, more recent work has highlighted the importance of subtle markers of small vessel disease. White matter hyperintensities (WMH) (Fig. 2) are areas of increased signal seen on T2-weighted MRI, including fluid attenuated inversion recovery (FLAIR) images, thought to reflect the degree and distribution of small vessel occlusive disease [38] . They are typically distributed in periventricular regions with confluent extension into deeper cortical regions but may have a somewhat punctate distribution as well.
White matter hyperintensities were initially described as hypodensities on computed tomography and with the advent of widespread clinical use of MRI scanning for clinical purposes it became evident that they are quite common among older adults, though with a tremendous amount of variability in volume and distribution. Earlier clinical observations classified these lesions as either "leukoaraiosis," suggesting that they represent pathologic damage to the white matter, or as "unidentified bright objects" (UBOs), suggesting that they were radiological artifacts with little clinical significance [39, 40] . It wasn't until the 1990s that systematic study of WMH demonstrated that they are associated with poor cognitive and functional outcomes [41] . Since that time, there have been myriad studies linking the severity of WMH to a reduction or decline cognitive functioning in older adults.
It is unclear exactly what causes WMH. The increased signal observed on T2-weighted MRI scans is due to reduced relaxation rate from increases in extracellular spaces and/or gliosis that restrict fluid locally [42] . In theory, any process that causes local damage to white matter can manifest as WMH on MRI scans. Neuropathologic correlates studies, which have tried to relate common histologic features to burden of WMH in life, have shown that the severity of WMH are related to various pathologic markers including arteriolosclerosis, decreased myelin pallor, and complete and incomplete infarction [43] [44] [45] . Together with epidemiologic studies linking mid-life and accumulating vascular risk factors to the severity of WMH in later life [46] , these studies help establish that WMH represent brain pathology that is somehow age-dependent and reflective accumulating "subclinical" vascular disease. There is little evidence that WMH burden decreases once the pathology has begun. Thus, for all intents and purposes, we treat WMH severity as a marker of pathology that tends to emerge later in life.
Interest in the involvement of WMH in AD emerged from consistent reports of a reliable association between age and WMH severity and between WMH severity and cognitive functioning among non-demented individuals [47] . Earlier Fig. 1 Framework for understanding contributors to the Alzheimer's disease phenotype. By defining AD as a syndrome, we are able to identify structural and functional brain changes that predict onset of symptoms, severity of symptoms, and progression of symptoms. Scrutiny of structural and functional alterations associated with the AD syndrome can occur at multiple levels using a variety of disciplines (eg, cell biology, neuroimaging) and across species. The extent to which age is a necessary or causative factor in AD has not been established entirely but it is noteworthy that symptom onset occurs after age 65 for the vast majority of "sporadic" forms of the disease, which comprise over 90 % of AD cases. Mediating factors -the mechanisms that underlie the relevant structural and functional brain changes or through which aging impacts those changes-and moderating factors-those factors that mitigate the effects of relevant structural and functional brain changes on their clinical outcomes-can be identified as reasonable targets for treatment or prevention strategies. The model stipulates that treatment or prevention strategies target factors that ultimately impact the AD syndrome either directly (ie, through the mediators) or indirectly (ie, through the moderators). The line connecting the moderators and mediators is to indicate that these factors may interact with each other and are not necessarily independent reports tended to implicate WMH in executive functioning and working memory [48] . Given the epidemiologic literature linking the same vascular factors that increase risk for development of WMH to the risk for development of AD, we were interested in understanding whether WMH burden plays a specific role in AD in addition to its role in cognitive aging. Alzheimer's disease occurs primarily in the context of aging, but whether pathologic changes increase risk for AD, interact with primary AD pathology, or are important for disease course remain open questions. Over the past several years we have examined the role of WMH in cognitive aging and AD, the mediators of WMH, and factors that modify their impact on clinical expression [49] .
Measuring WMH
By far, the most common approach to staging WMH has been to use well-validated rating scales, such as those developed by Scheltens [50] and Fazekas [51] . Rating scales require a fair degree of operator training and establishment of intra-and inter-rater reliabilities, but experienced operators are able to produce evaluations that have tremendous utility in large-scale neuroimaging studies. However, severity rating scales do not consider the rich volumetric/parametric information contained within neuroimaging and have limited utility for fully quantitative analyses. Several laboratories have established methods to measure WMH quantitatively. In our own approach [49, 52] , we remove the skulls from FLAIR images, apply Gaussian curves to each cerebral hemisphere and determine the mean and standard deviation of voxel intensities. Next we apply a WMH seed that labels intensity values greater than a pre-determined threshold value, usually about 2.5SD above the mean image intensity value. Using a 10-point connectivity scheme, the algorithm searches for and labels voxels that fall within 5 % of the seed mean and labels voxels that fall within that range, continuing iteratively. The summation of labeled voxels multiplied by voxel dimensions yields a total WMH volume. By spatially fitting an anatomical atlas [53] to each image in native space, we are able to determine WMH volume in each cerebral lobe, including frontal, temporal, parietal, and occipital lobes. Further, in cases where questions about "periventricular" vs "deep" WMH arise, we are able to determine the 3-dimensional distance from the walls of the lateral ventricles of each labeled WMH voxel by segmenting the lateral ventricles and measuring the distance between the wall of the ventricle and each voxel labeled as WMH. Finally, all segmented images are visually inspected by an experienced operator and manually edited in cases where non-WMH voxels are improperly labeled or where WMH are under labeled. Manual approaches to deriving volumetric WMH data have also been developed [52, 55] and a multimodal fuzzy logic classification scheme for voxel labeling has been developed for when FLAIR data are not available [54•] .
White Matter Hyperintensities in AD
Much of our work examining the role of WMH in cognitive aging and AD has taken place in the context of the Washington Heights Inwood Columbia Aging Project (WHICAP) [56] . WHICAP is an ongoing community-based study of aging and dementia comprising older adults from Northern Manhattan that began in 1992. Two cohorts have been recruited, beginning in 1992 and 1999, and a third cohort is currently being recruited. A unique aspect of the study is that it comprises a racially and ethnically diverse group of older adults, including about an equal proportion of Whites, African Americans, and Latinos, that are characteristic of the population in northern Manhattan but also representative of the increasingly diverse population of older adults in general. Beginning in 2005, we began systematically collecting highresolution MRI scans on individuals who did not have dementia at the previous study visit and who were otherwise not contraindicated [57] . We collected 769 MRI scans. Fifty- Frontal lobe is labeled in green, parietal lobe is labeled in brown, and occipital lobe is labeled in blue (temporal lobe is not visible at this level) two participants met clinical diagnostic criteria for AD at the visit most proximal to the MRI scan; thus, our final imaging sample comprised 717 non-demented participants and 52 participants with dementia. Beginning in 2010, we began to collect repeat MRI scans on available participants for whom baseline MRI scans were acquired. Analyses are ongoing.
Previous work has suggested that WMH are more severe among individuals with diagnosed AD relative to demographically-similar but neurologically-healthy controls in hospital or clinic-based settings [58] [59] [60] . In WHICAP, we first asked the question whether WMH as a marker of small vessel cerebrovascular disease was associated with subtypes of mild cognitive impairment (MCI), including amnestic and nonamnestic MCI [61] . Amnestic MCI refers to cognitive impairment in domains that include memory but the absence of functional impairment severe enough to qualify for diagnosis of dementia. Individuals with amnestic MCI are considered to be in the earliest stages of AD and at particularly elevated risk for future development of AD. Individuals with non-amnestic MCI, or cognitive impairment in domains that do not include memory functioning, are at relatively lower risk for future development of AD but still have cognitive impairment. We hypothesized that WMH burden would be greatest among individuals with non-amnestic MCI because previous work generally linked WMH to non-memory domains and because the cognitive impairment seen in amnestic MCI is most often attributed to AD pathology rather than vascular pathology. Though frank brain infarction was related to non-amnestic MCI, contrary to our hypothesis, individuals with amnestic MCI had the greatest WMH burden and individuals with nonamnestic MCI were intermediate. The study provided the first indication that, in this community-based cohort of older adults, WMH seemed to have a specific association with AD by virtue of being more severe among those at greatest risk for development of AD in the future. We followed this study by examining the regional distribution of WMH as a function of diagnostic group (ie, unimpaired, amnestic MCI, non-amnestic MCI, and AD) [62] . We found an interesting pattern of results. First, consistent with previous reports [63] , WMH are mostly distributed in frontal and parietal lobes. Second, all 3 impaired groups, including amnestic MCI, non-amnestic MCI, and AD patients, had increased WMH burden in the frontal lobes relative to controls, but the amnestic MCI and AD patients had selectively increased WMH in parietal regions. Parietal lobe WMH volume severity also discriminated individuals with amnestic MCI from controls better than a marker of hippocampal atrophy, ostensibly an AD-related neurodegenerative biomarker that is present prior to cognitive impairment [1•, 2•]. We obtained similar findings when examining the association between regional WMH volume and diagnosis in a cohort of older African Americans [64] . These observations join an emerging literature showing a greater posterior involvement of WMH in AD [65, 66] .
Whether neuroimaging data acquired at one point in time contains useful prognostic information to predict future diagnosis or clinical course in AD remains an extremely important clinical question. Indeed, non-demented older adults with higher WMH burden are at greater risk for the development of AD and MCI [67] [68] [69] [70] . We examined whether the regional distribution of WMH predicted incident AD among nondemented individuals in the WHICAP study [71] and found that WMH volume in the parietal lobes specifically predicted time to incident AD. Given the prevailing models of AD pathogenesis, we hypothesized that measures of hippocampal atrophy would independently predict incident AD but that regionally distributed WMH volume would provide additional prognostic information. Parietal lobe WMH volume specifically predicted time to incident AD, but a relative measure of hippocampal volume did not. In the context of our previous work [72] , which showed that WMH burden interacted with total brain atrophy to predict rate of cognitive decline among individuals with prevalent AD, the findings suggest that in communitydwelling older adults, regionally distributed WMH may be early harbingers of AD pathogenesis. In contrast, the severity of WMH appears to be more specifically tied to normal aging; frontal lobe WMH but not WMH distributed in other lobes, for example, are specifically associated with mortality [73] . We are currently completing longitudinal WMH analyses that show a normal aging-related increase in WMH in anterior regions but an AD-specific increase in WMH in posterior regions among individuals who later develop AD [74] . Taken together, our work shows that WMH volume, particularly when distributed in parietal regions, is elevated among individuals with AD, is elevated among individuals at risk for the development of AD, predicts future diagnosis of AD, predicts the rate of progression of cognitive symptoms among individuals with AD, and increases over time among individuals destined to develop AD.
Why Might WMH and AD be Related?
Given the consistently-observed association between WMH and clinical AD, the determination of how the two are related remains critical. There are at least 3 non-mutually exclusive possibilities. First, WMH represent a second, independent pathologic "hit" that lowers diagnostic threshold for AD or contributes additively to disease presentation. In this scenario, WMH are simply due to perfusion or general vascular abnormalities and reflect ischemic change in the brain and do not promote AD-related pathology (or vice versa). Second, the pathology underlying WMH may be heterogeneous as a function of regional distribution and may interact with or reflect primary AD pathology. In this scenario, measured pathology in areas identified radiologically as WMH may vary across location and diagnosis and WMH (or their etiologic factors) may interact mechanistically with AD pathology. Third, WMH and AD may be related to each other epiphenomenologically through their shared association with some third set of factors. We have been pursuing the first two possibilities by systematically examining the mediators of WMH and how WMH and markers of AD pathology may interact.
Consistent with epidemiologic studies we confirmed that an increase in the number of vascular risk factors is associated with severity of WMH in our own community-based study [57] . We also showed main and interaction effects with race/ ethnicity, such that both African Americans and Latinos had increased WMH volume relative to Whites and the association between vascular disease history and WMH burden was greatest among African Americans. We have hypothesized that, given its association with AD, increased WMH burden may be one key variable that helps explain racial and ethnic disparities in AD incidence and prevalence. Incomplete brain perfusion or autoregulatory breakdown is another key factor that may promote deposition of WMH. In our community sample, we demonstrated that both high blood pressure level and fluctuations in blood pressure over time are associated with increased WMH burden [75] . High blood pressure and measures of systemic hypoperfusion are related to severity of WMH [76] [77] [78] and individuals with metabolic syndrome, defined as a syndrome comprising dyslipidemia, hypertension, and hyperglycemia, is associated with increased WMH in temporo-parietal regions [79] . By combining FLAIR MRI data with measures of cerebral blood flow, we showed that areas appearing as WMH had diminished blood flow relative to grey matter and normal appearing white matter [80] , which is consistent with an earlier report showing that regions with normatively lower perfusion values are most vulnerable to development of WMH [81] . Thus, there is fairly strong support that diminished perfusion abnormalities and perhaps compromised cerebral autoregulation are in the causal pathway to the development of WMH. There is also evidence that Aβ accumulation impacts autoregulation [82] it is unclear whether autoregulatory dysfunction can promote Aβ deposition or impact Aβ clearance, though these are also possibilities.
How or whether WMH and AD interact on a more mechanistic level is a more difficult question to answer. It is interesting to note that WMH tend to localize in areas with the greatest amount of AD pathology and metabolic dysfunction [83] . Pathogenic models of AD implicate parenchymal deposition of Aβ protein and declining plasma levels of Aβ42 that are associated with increased risk for AD development, presumably due to oligomerization and deposition of Aβ peptides in senile plaques [84] . However, it is also quite possible that vascular deposition of Aβ may also be a primary driver of the disease. In vitro studies show that the number of perivascular spaces in the white matter, not grey matter, correlate with amount of Aβ in overlying cortex and associated arteries [85] . Vascular Aβ may interfere with the ability of blood vessels to shunt deposited Aβ peptides through the peri-arterial spaces and the white matter of AD [86] [87] [88] [89] . It is conceivable that increased WMH burden among patients with AD reflects accumulation of vascular Aβ to some degree. Indeed, cerebral amyloid angiopathy (CAA), which reflects the deposition of Aβ in cerebral arterioles, is present in the vast majority of individuals with AD whose brain tissue is examined at autopsy. With use of T2*-weighted gradient echo MRI, CAA manifests radiologically as cerebral microbleeds distributed in lobar regions. White matter hyperintensities are more severe in the presence of clinical CAA or microbleeds and individuals with microbleeds are more likely to have progressive WMH [81, 90, 91] . In patients with AD, microbleeds are distributed mostly in posterior regions, similar to the distribution of WMH [92] . In our own work, we showed that individuals with 2 or more lobar microbleeds, highly suggestive of CAA, had more severe WMH in parietal lobes specifically [93] .
We examined WMH in the Alzheimer's Disease Neuroimaging Initiative, which has acquired multi-model imaging on older individuals with MCI, AD, and without neurologic illness [54•] . We sought to determine how WMH and PET derived amyloid positivity impacts the clinical expression of AD. Both amyloid and WMH were independently associated with clinical AD diagnosis and WMH volume discriminated between those with and without clinical AD with good specificity and excellent sensitivity. White matter hyperintensity volume and amyloid levels were inversely related to each other, and among MCI subjects both amyloid status and WMH volume predicted who would later convert to clinical AD. We also showed that regional WMH volume was more strongly associated with entorhinal cortex neurodegenerative changes than measures of amyloid from the cerebrospinal fluid [94] . Taken together, our observations suggest that WMH are at least an independent source of impairment, and possibly interact with AD pathology. Our studies were carried out in epidemiologic contexts, in which medical comorbidities are relatively unconstrained, but also in clinical contexts in which the "purest" AD patients were included.
Conclusions
We, and other groups, have established an important role of regionally distributed WMH in the clinical expression of AD and possibly in its pathogenesis. To the extent that WMH represent solely small vessel cerebrovascular disease secondary to perfusion abnormalities, this recent work is consistent with the idea that presence of small vessel disease in AD is the normative rule not the exception [95] . White matter hyperintensities, particularly when distributed in posterior regions, may also have an amyloidogenic origin, suggesting a mechanistic interaction with "primary" AD pathology. Alzheimer's disease is likely more complex than single-factor pathogenic models would suggest and much work is needed to understand the heterogeneous factors that lead to syndromic presentation across individuals.
Future work needs to focus on disentangling the relative contributions of various pathologies to disease presentation and understanding interactions among the pathologies that comprise the brains of older adults. Regarding the former, it is essential that we examine factors that promote cerebrovascular damage, such as autoregulatory dysfunction, together with multimodal MRI data, data reflecting AD biomarkers, and refined neuropsychological data. In addition to these types of studies, we have begun a neuroimaging-guided histopathologic examination of WMH and normal appearing white matter in postmortem tissue [96] . By obtaining postmortem MRI scans on autopsied brains, we are able to define radiological abnormalities in the white matter and use those to guide our pathologic examination of underlying tissue. This approach allows us to examine the pathology of WMH and normal white matter tissue as a function of region (frontal or parietal lobes) and clinical or pathologic diagnosis. Longitudinal studies are required to answer questions about whether progression or accumulation of WMH leads to AD and newer, higher-resolution neuroimaging techniques are necessary to characterize in vivo changes in the aging brain with greater precision.
